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In Neutrinophilic Two Higgs Doublet Models, Dirac neutrino masses are obtained by
forbidding a Majorana mass term for the right-handed neutrinos via a symmetry. We study
a variation of such models in which that symmetry is taken to be a local U(1), leading
naturally to the typical Lagrangian of the inverse seesaw scenario. The presence of a new
gauge boson and of an extended scalar sector result in a rich phenomenology, including
modifications to Z, Higgs and kaon decays as well as to electroweak precision parameters,
and a pseudoscalar associated to the breaking of lepton number.
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2I. INTRODUCTION
More than two decades of neutrino experiments have confirmed that neutrinos are massive par-
ticles and oscillate. Strong bounds from cosmological [1] and terrestrial [2] experiments suggest
that neutrino masses should be below the eV scale. This may be an indication that the mecha-
nism behind the generation of neutrino masses may be different from the Higgs mechanism of the
Standard Model (SM).
The seesaw mechanism is one of the most elegant and economic ways to explain the smallness
of neutrino masses [3–5]. In the Type-I seesaw, the SM particle content is enlarged by at least two
heavy right-handed neutrino singlets, Ni (i denotes the generation), such that the neutrino mass
generation mechanism reads
− Lν = yνij `iLH˜Nj +
1
2
M iRN
c
iNi + h.c. , (1)
where `iL are the SM lepton doublets, H is the SM Higgs scalar doublet and the tilde denotes charge
conjugation. The heavy neutrino mass scale suppresses the Dirac mass term contribution typically
resulting in active neutrino masses mν ' −v2yν TMR−1yν , where v = 246 GeV is the electroweak
(EW) scale. To avoid tiny Yukawa couplings (of order 10−11 or so) and still have neutrino masses
in the sub-eV range, the right-handed neutrinos should be at a very high scale, O(1013) GeV,
which makes the model generally inaccessible to experiments except perhaps to future neutrinoless
double beta decay measurements. This remains true even if the right-handed neutrinos are taken
to be at the TeV scale, with O(10−6) Yukawas, since the light-heavy neutrino mixing would be of
the order of the ratio of light to heavy neutrino masses, that is, θ ∼ O(10−12).
An interesting variation of this scheme, which may yield observable phenomenology at colliders,
is provided by the (double) inverse seesaw mechanism [6–8]. In this scenario, in addition to the
three right-handed neutrinos, three left-handed SM singlets, ψiL, are introduced, with a Lagrangian
− Lν = yνij `iLH˜Nj +
1
2
µij ψciLψjL +MijNiψjL + h.c. , (2)
where yν , µ and M are 3 × 3 complex matrices such that their entries follow the hierar-
chy µ  yνv  M . In this case the active neutrino mass matrix takes the form mν '
(v/
√
2)2(yν)T (MT )−1µM−1yν . The mixing between the light neutrino and one of the heavy
states, on the other hand, is not sensitive to µ. In a simplified setting with only one generation,
the mixing would just be yνv/M . Thus, the inverse seesaw scenario clearly allows for sub-eV
neutrinos masses, new degrees of freedom not far from the weak scale and still a sizable light-heavy
3mixing. In order to have the right-handed fermions close to the electroweak scale, the inverse
seesaw scenario requires the lepton number breaking parameter (matrix) µ to be at the keV scale.
Thus, the “unnatural” Yukawas are exchanged by the large hierarchy µ/v ∼ 10−8. It can be argued
that µ is naturally small in the t’Hooft sense: setting µ → 0 restores a global symmetry of the
Lagrangian and therefore its renormalization group running is only multiplicative.
A completely different possibility to generate neutrino masses is given by neutrinophilic Two-
Higgs-Doublet Models (ν2HDM) [9–11]. In this framework, a symmetry, say Z2 or U(1), forces one
of the Higgs doublets to couple to all SM fermions, thus being responsible for their masses, while
the other Higgs couples to the lepton doublets and right-handed neutrinos. This second Higgs
would acquire a vacuum expectation value (vev) around the eV scale leading to naturally small
neutrino masses. However, due to the smallness of the second vev, without any explicit breaking
of the aforementioned symmetry, these models are either ruled out or considerably constrained by
electroweak precision data [12] and low energy flavor experiments [13].
The purpose of this work is to show how the idea of ν2HDM can be used to build a realistic,
phenomenologically viable, and dynamical inverse seesaw model. This is achieved by promoting
the U(1) symmetry, used in Ref. [11] to avoid a Majorana mass for the right-handed neutrinos, to
a local symmetry. Immediately, chiral anomalies require the presence of additional fermion content
beyond the three right-handed neutrinos charged under this U(1). A minimal choice would be
to double the spectrum of right-handed neutrinos, with the additional ones having opposite U(1)
charges. Such minimal setup is identical to the inverse seesaw framework. In order to break this
extra symmetry and give mass to neutrinos, we introduce a new scalar particle, singlet under the
SM gauge group but charged under the additional U(1), in such a way that we dub our model
ν2HDSM (neutrinophilic Two-Higgs-Doublet + Singlet Model), to distinguish it from the ν2HDM
already considered in the literature. Other proposals for a UV completion of the inverse seesaw
mechanism can be found in [14–18].
The paper is organized as follows. In Section II we build the ν2HDSM, analyzing in detail
the scalar potential of the model, the modified gauge Lagrangian and the neutrino mass matrix.
Section III is devoted to the theoretical and experimental constraints which we will consider, while
we present and discuss the results in Section IV and finally conclude in Sec. V.
4SU(2)L U(1)Y U(1)X
Φ1 2
1
2
1
2
Φ2 2
1
2 0
S 1 0 1
N ci 1 0 − 12
ψiL 1 0
1
2
TABLE I. Transformation properties of the scalar and fermion fields under SU(2)L × U(1)Y × U(1)X .
II. NEUTRINOPHILIC TWO-HIGGS-DOUBLET + SINGLET MODEL
As explained in the Introduction, a global U(1)X symmetry (under which the neutrinophilic
Higgs doublet Φ1 and the right-handed neutrinosNi have the same charge) is introduced in Ref. [11],
allowing for a Yukawa interaction `iLΦ˜1Y
ν
ijNj and forbidding a N
c
iNi Majorana mass term. In
addition, it forbids the other scalar doublet, Φ2, from coupling to neutrinos. We here promote
such U(1)X to a local symmetry. The first interesting fact that we notice is that the gauging of
U(1)X requires additional fermion content to cancel anomalies. Adopting minimality as a guide,
the obvious extension of the fermion sector is to add a second set of three fermions ψiL, singlets
under the SM local group but with U(1)X charges opposite to N
c
i . This straightforward setup
already has most of the elements of the inverse seesaw scenario – only the lepton number breaking
parameter µ is missing. The µ parameter can be generated dynamically by introducing a new scalar
degree of freedom, which we call S, charged only under U(1)X . We summarize all the charges (with
the U(1)X ones conventionally normalized to ±1/2) in Table I. The relevant neutrino Lagrangian
is
− Lν = `iLΦ˜1Y νijNj +
1
2
S∗N ci Y
N
ij Nj +
1
2
S∗ψciLY
ψ
ij ψjL +NiMijψjL + h.c. , (3)
where Y ν , Y N , Y ψ and M are complex 3 × 3 matrices. We emphasize again that one of the
consequences of gauging the U(1)X symmetry is to introduce the typical particle content and the
Lagrangian of the inverse seesaw mechanism (although with an additional Majorana mass term
for the right-handed neutrinos Ni, which plays a minor role in the neutrino mass mechanism).
Before studying the phenomenological consequences of the ν2HDSM, let us notice that there is an
accidental U(1)` symmetry in the Lagrangian, whose charges are given by
U(1)` charges→ {Φ1,Φ2, S, `iL, Ni, ψiL} = {0, 0, 2q, q, q, q} . (4)
5This accidental symmetry corresponds to lepton number, extended in the scalar sector only to
S. Since the accidental symmetry extends also to the scalar potential, we can already predict
the presence of a massless Nambu Goldstone Boson in the spectrum. This is completely analog
to what happens in Majoron models [19, 20], and we have explicitly checked that the massless
scalar is problematic for the model to pass constraints from Electroweak Precision Measurements
and bounds on Axion-Like Particles (ALPs) [21]. Pushing forward the analogy with Majorons, we
introduce an explicit breaking of the accidental lepton number symmetry [22] through a dimension
5 term in the scalar potential
Lsb = −gNP
Λ
S(Φ†1Φ2)
2 + h.c. , (5)
where gNP is a generic New Physics (NP) coupling and Λ the scale associated with the breaking
of the accidental symmetry. We notice that, given the particle content and charges of our model,
it is not possible to write down U(1)` terms with dimension smaller than 5 involving only scalars.
Moreover, the addition of explicit lepton number breaking operators could, in principle, contribute
to neutrino masses. Nevertheless, the smallest U(1)` breaking term involving fermions is given by
the dimension 9 operator (`LΦ˜1)(`
c
LΦ˜1)(Φ
†
2Φ1)
2, and thus these contributions are expected to be
negligible.
It is well known that such breaking can be expected at least at the Planck scale, but we keep
open the possibility that Λ 6= MPL. We will come back to the value of Λ in our phenomenological
analysis.
A. Scalar Potential and Scalar Masses
The most general ν2HDSM potential compatible with the SU(2)L ×U(1)Y ×U(1)X charges of
Table I with the addition of the only dimension 5 operator that breaks U(1)` is the following:
V(Φ1,Φ2, S) = m211Φ†1Φ1 +m222Φ†2Φ2
+
λ1
2
(
Φ†1Φ1
)2
+
λ2
2
(
Φ†2Φ2
)2
+ λ3
(
Φ†1Φ1
)(
Φ†2Φ2
)
+ λ4
(
Φ†1Φ2
)(
Φ†2Φ1
)
+ m2S |S|2 +
λs
2
|S|4 + (λ1sΦ†1Φ1 + λ2sΦ†2Φ2)|S|2 + [gNPΛ S(Φ†1Φ2) + h.c.] , (6)
whose minimization is shown in Appendix A. To fix the notation, we explicitly write the scalar
fields as
Φ1,2 =
 φ+1,2
1√
2
(
v1,2 + ρ1,2 + iη1,2
)
 , S = 1√
2
(v3 + ρ3 + iη3) , (7)
6where v1,2,3 are the corresponding vevs of Φ1,2 and S, the EW scale v =
√
v21 + v
2
2 and we define
tβ = tanβ ≡ v2/v1, so that cβ = cosβ ≡ v1/v and sβ = sinβ ≡ v2/v. After spontaneous symmetry
breaking, two charged and two neutral would-be Nambu-Goldstone bosons are absorbed by the
W±, Z and a new gauge boson X. The remaining particle spectrum consists of two charged (H±)
and four neutral scalar fields: three CP-even (h,H, s) and one CP-odd (A). The CP-odd scalar
would be the massless Majoron in the absence of the explicit U(1)` breaking term Lsb in Eq. (5).
The detailed analysis of the scalar eigenstates is presented in Appendix A.
Note that Higgs measurements at the LHC require one of the CP-even eigenstates, h, to be
sufficiently close to the SM-like Higgs hSM = cβ ρ1+sβ ρ2. We can write the scalar mass eigenstates
approximately as
H± = −sβ φ±1 + cβ φ±2 ,
h ' cα hSM − sαHSM + U31 ρ3 ,
H ' sα hSM + cαHSM + U32 ρ3 ,
s ' U13 hSM + U23HSM + ρ3 ,
A = v1v2√
v21v
2
2+4v
2v23
(
2v3
v1
η1 − 2v3
v2
η2 + η3) .
(8)
Here, HSM is the combination orthogonal to hSM , cα = cosα, sα = sinα parametrize most of the
mixing and Uij encode the rest of the mixing matrix. The alignment limit is defined by h = hSM ,
which requires sα = U13 = U31 = 0. The corresponding masses are given by
m2H± = −
λ4Λ +
√
2 gNPv3
2Λ
v2 ,
m2h,H '
1
2
(
λ1v
2
1 + λ2v
2
2 ±
√
(λ1v21 − λ2v22)2 + 4λ234v21v22 +
8v21v
2
2
Λ2
(v23 −
√
2λ234v3Λ)
)
,
m2s ' λsv23 −
gNP
2
√
2Λ
v21v
2
2
v3
,
m2A =
−gNP
2
√
2Λ
(v21v
2
2 + 4v
2v23)
v3
,
(9)
where λ34 = λ3 + λ4. Notice that we need λ4Λ +
√
2 gNPv3 < 0 for electromagnetism not to be
broken, and gNP < 0 to ensure a positive mass for A. In what follows, we will always assume this
to be the case. In fact, as we will see later requiring λ4Λ +
√
2 gNPv3 < 0 is not a problem for the
stability of the potential.
B. Gauge Lagrangian
Let us now move to the analysis of the gauge bosons and their masses. In what follows, we
will, for simplicity, assume that there is no BµνX
0
µν kinetic mixing (we call X
0
µ the gauge boson
7associated with U(1)X). The scalar kinetic terms are
LG =
(
DµΦ1
)†(
DµΦ1
)
+
(
DµΦ2
)†(
DµΦ2
)
+
(
DµS
)†(
DµS
)
, (10)
with the covariant derivatives given in Eq. (A7). The masses of the charged gauge bosons are
easily computed and are identical to their values in the SM. In the neutral sector, instead, we have
mixing between the {W 3µ , Bµ, X0µ} states, resulting in the mass matrix given in Eq. (A8). Apart
from the massless photon, the Z and X boson masses are given by
m2Z,X =
v2
8
[
g2 + g′2 + g2X b
2 ±
√
(g2 + g′2 − g2X b2)2 + 4(g2 + g′2)g2X c4β
]
, (11)
where g, g′ and gX are, respectively, the SU(2)L, U(1)Y and U(1)X coupling constants and b ≡√
v21 + 4v
2
3/v. As we will see later, the electroweak ρ =
m2W
c2Wm
2
Z
parameter will generically require
gXv1  gv. In this limit, we find that the Z −X mass squared matrix becomes
M2ZX =
1
4
 (g2 + g′2)v2 −√g2 + g′2gXv21
−
√
g2 + g′2gXv21 g2X(v
2
1 + 4v
2
3)
 '
 m2Z −mZmXδ
−mZmXδ m2X
 , (12)
with the approximate masses
m2Z '
1
4
(g2 + g′2) v2 ,
m2X '
1
4
g2X(v
2
1 + 4v
2
3) ,
(13)
and the Z −X mass mixing parameter δ given by
δ =
v21
v
√
v21 + 4v
2
3
. (14)
The mass eigenstates in this case follow
W 3µ ' cW Zµ + sW Aµ + gX
c2β
g
c2W Xµ ,
Bµ ' −sW Zµ + cW Aµ − gX
c2β
g
cW sW Xµ ,
X0µ ' −gX
c2β
g
cW Zµ +Xµ ,
(15)
where cW = cos θW , sW = sin θW and gX
c2β
g cW =
gXv
2
1
v2
√
g2+g′2
 1 is approximately the X − Z
mixing, its exact expression is given in Eq. (A10). Due to this mixing with the Z, the new gauge
boson will acquire chiral couplings to all SM fermions. The coupling of X to a fermion f is given
by
gXf¯f = gX
v21
v2
(If3 − s2WQf ), (16)
where If3 = 0,±1/2 and Qf are, respectively, the isospin and electric charge of f .
8C. The Neutrino Sector
Let us now go back to the consequences of Eq. (3). As already stressed, what we have obtained
is a generalization of the inverse seesaw Lagrangian, with an additional Majorana mass term for
the right-handed neutrinos Ni. In the (νiL, N
c
i , ψiL) basis, the 9× 9 mass matrix is
M =

0 Y νv1 0
Y νT v1 Y
Nv3 M
0 MT Y ψv3
 . (17)
Comparing with Eq. (2), we see that we obtain µ = Y ψv3, with the hierarchy among the elements
of the matrices Y Nv3, Y
ψv3  Y νv1 automatically satisfied if Y N , Y ψ  Y ν (assuming v1 and v3
of the same order). If we further assume the hierarchy Y νv1  M , the lower right block of M
will have eigenvalues of the order of the eigenvalues of M , allowing us to integrate out Ni and ψiL.
The first terms in a M−1 expansion of the neutrino mass matrix are then
mν ' (Y νv1)MT−1(Y ψv3)M−1(Y νT v1) (18)
+ (Y νv1)M
T−1(Y ψv3)M−1(Y Nv3)MT
−1
(Y ψv3)M
−1(Y νT v1) ,
from which we obtain the inverse seesaw contribution (the first term) plus a small correction
dependent on Y N . Notice that the neutrino masses vanish in the v3 → 0 or Y ψ → 0 limit, but not
for Y N → 0. There are many parameters in the neutrino sector which are independent from the
parameters in the scalar and gauge sector, making it simple to reproduce the observed values of the
neutrino oscillation parameters in relevant portions of the parameter space, as we checked explicitly.
Besides, this scenario could comprise leptogenesis and a WIMP-like dark matter candidate, but we
do not pursue such possibilities in this manuscript.
For simplicity, we take M to be at the TeV scale, leading to TeV heavy neutrinos. The phe-
nomenology of our inverse seesaw scenario may differ from the usual one due to the presence of the
new gauge boson and the extended scalar sector, but we do not study it in this manuscript. As a
final comment regarding this subject we note that if the mass scale M is assumed to be lower, e.g.,
a few GeV, Z and h may, through mixing, decay to heavy neutrinos. The Z −X mixing could be
suppressed by having a large v3 (see Eq. (14)) and the h − S mixing could also be suppressed by
small Yukawas, so both decays can be made negligible.
9III. THEORETICAL AND EXPERIMENTAL CONSTRAINTS
Let us now list and explain the constraints we will impose on the parameter space of the
ν2HDSM. In the numerical analysis of Section IV these constraints will be imposed to assess the
phenomenological viability of the model. For clarity, we will distinguish between theoretical and
experimental constraints.
Theoretical Constraints:
Perturbativity: As a simplified approach, to ensure tree level perturbativity, we only require the
absolute value of all the quartic couplings to be smaller than 4pi, namely
|λ1|, |λ2|, |λ3|, |λ4|, |λs|, |λ1s|, |λ2s| < 4pi. (19)
Vacuum Stability: To have a potential bounded from below, the quartic couplings need to satisfy
some stability conditions at tree level [23],
λ1,2,s > 0 , λ3 > −
√
λ1λ2 , λ34 > −
√
λ1λ2 ,
λ1s > −
√
λ1λs , λ2s > −
√
λ2λs .
(20)
As we already stressed, having λ4Λ +
√
2 gNPv3 < 0, in order to guarantee an unbroken
U(1)em, is not in contradiction with a stable potential.
Local minima for the potential: To be certain that the vevs in our model are local minima of
the potential, we impose all the tree level masses of Eq. (9) to be positive.
Experimental Constraints:
Electroweak Precision Measurements (EWPM): As is well known, EWPM are crucial in
assessing the validity of a model. However, in our analysis we will make some simplifying
assumptions which we believe will capture the essential bounds. First of all, the usual
treatment in terms of oblique parameters [24] is valid only when a mass gap is present
between the EW and the NP scales. As it is clear from the masses we are considering,
Eqs. (9)-(11), this is not the case in the ν2HDSM. In principle, a better analysis would
involve an extended set of oblique parameters [25, 26]. For simplicity, we will just perform
the analysis in term of the usual Peskin-Takeuchi self-energy parameters S, T and U . In
addition, since we always assume the U(1)X gauge coupling gX to be small to ensure ρ ' 1
already at tree level (see Eq. (11)), and since all the Xµ contributions to the gauge bosons
10
vacuum polarization corrections to the EW precision observables are suppressed at least by
a factor g2X , we will neglect such contributions. We have explicitly checked that the loops
we are neglecting are small as expected. In practice, we compute the oblique parameters
using a Two-Higgs-Doublet+Singlet approximation [27], imposing compatibility at 1, 2 and
3 σ with the following fitted values [28]
(
Sfit, T fit, Ufit
)
=
(
0.05± 0.11, 0.09± 0.13, 0.01± 0.11
)
. (21)
Higgs decays: Since several neutral particles with masses smaller than half of the SM Higgs mass
may exist in our model, we can have new contributions to the Higgs invisible width. To be
conservative, we will take the rather aggressive bound BR(h → invisible) . 0.13 at 95%
C.L. [29], and ΓSMtot = 4.07 MeV as the SM Higgs total decay width [30]. The important
invisible channels in our model are the following:
h→ SS: (where S = H, s,A), with decay rate
Γ(h→ SS) = |ghSS |
2
32pimh
√
1− 4m
2
S
m2h
. (22)
The expressions for the ghSS couplings above are very lengthy and not much illuminat-
ing, and so we do not write them here.
h→ XX: with decay width
Γ(h→ XX) = |ghXX |
2
64pi
m3h
m4X
√
1− 4m
2
X
m2h
[
1− 4m
2
X
m2h
+ 12
m4X
m4h
]
. (23)
Assuming gX  1 and using Eqs. (A5) and (A6) the coupling becomes
ghXX =
g2X
4v
[v21cα + v1v2sα + 4vv3U31] . (24)
h→ ZX: with decay width
Γ(h→ ZX) = |ghZX |
2
64pi
[
(m2h −m2Z)2 +m2X(m2X + 10m2Z − 2m2h)
]
mhm
2
Xm
2
Z
×
√
1− (mX +mZ)
2
m2h
√
1− (mX −mZ)
2
m2h
(25)
where the coupling, in the limit gX  1, reads
ghZX = − ggX
2cW
v1sα . (26)
11
h→ AV: (where V = X,Z), with decay rate
Γ(h→ AV) = |ghAV |
2
16pi
m3h
m2V
[
1− (mV −mA)
2
m2h
]3/2 [
1− (mV +mA)
2
m2h
]3/2
, (27)
and couplings
ghAX =
gX [−U31v1 + cos(α− β)v3]√
v21 + 4v
2
3
(28)
ghAZ = −
√
g2 + g′2√
v21 + 4v
2
3
v3sα . (29)
In addition to the constraint on the Higgs invisible decay width, we must verify that the
visible decay widths of h into SM particles are not too different from their SM values. We
thus have
h→ SM SM : where SM stands for all the SM channels measured at the LHC. According
to [31], we allow for at most a 15% departure from the SM values.
Z invisible width: The decay of Z to light particles through Z → SA and Z → XS (where
S = H, s) can contribute to the Z invisible width. Comparing the LEP result with the SM
prediction for Z to invisible, we find that ΓNP(Z → invisible) < 1.8 MeV at 3σ [12]. The
partial decay width for such processes are
Γ(Z → SA) = |gZSA|
2
16pi
mZ
[
1− (mS −mA)
2
m2Z
]3/2 [
1− (mS +mA)
2
m2Z
]3/2
,
Γ(Z → SX) = |gZSX |
2
64pi
[
(m2Z −m2S)2 +m2X(m2X + 10m2Z − 2m2S)
]
m2Xm
3
Z
×
√
1− (mX +mS)
2
m2Z
√
1− (mX −mS)
2
m2S
,
(30)
where, assuming gX  1 and using Eqs. (A5) and (A6), the couplings become
gZHA = − gv3cα
cW
√
v21 + 4v
2
3
, (31)
gZsA = −gv3(U23 − cβU13)
cW
√
v21 + 4v
2
3
, (32)
gZHX = −ggXv1cα
2cW
, (33)
gZsX = −ggXv1(U23 − cβU13)
2cW
. (34)
Lower bound on the charged Higgs mass: The LEP II experiment has searched for the dou-
ble production of charged Higgs bosons in events with center-of-mass energy from 183 GeV
12
to 209 GeV, with a total luminosity of 2.6 fb−1 [32]. Since no excess was found, we have a
lower bound on the charged Higgs boson mass
mH± & 80 GeV. (35)
In principle, bounds from the LHC should also be considered. These bounds depend, how-
ever, on tβ. In contrast, the LEP bound is obtained using charged Higgses pair production
via a Z boson in the s-channel, which is tβ independent. In our model, in the large tβ limit,
we have H± → φ±1 , which does not couple to quarks, so in this case the LEP limit prevails.
In the region tβ ∼ 1 the LHC bounds can be stronger than the LEP limit (in particular,
if the channel H± → `± + N is open, the decay is similar to the one of sleptons in the
R-parity conserving MSSM, and the bound would be mH± & 300 GeV [33]). Nevertheless,
a dedicated analysis would be needed to compute the correct limit in this case and this is
outside the scope of our paper. Moreover, as we will see in what follows, this region will be
excluded by other bounds.
Bounds on the pseudoscalar mass and couplings: Depending on the size of the lepton num-
ber breaking term of Eq. (5), a light pseudoscalar may be present in the spectrum. Such A
couples to electrons through its η2 component (see Eq. (8)), we get a coupling
gAee =
2v3me
vtβ
√
v2s22β + 4v
2
3
. (36)
For masses mA . 100 keV, stellar cooling gives a strong bound gAee . 2.5 × 10−13 [21]. In
our case, this translates on the bound v3 . 10−5 GeV. This region of parameter space is
problematic because Γ(h→ XX) becomes too large. This can be seen using Eqs. (13) and
(24) in Eq. (23), from which in the alignment limit one gets Γ(h→ XX) ' m3h/(64piv2), far
above the experimental limit. In order to avoid all the ALPs bounds which limit v3, we will
thus impose mA & 10 GeV [21].
Kaon and B decays: The presence of the light gauge boson X that mixes with Z can greatly
enhance the K → pi + invisible [34, 35] branching ratio via loops [36]. There are various
experiments which constrain the Z −X mass mixing parameter δ given in Eq. (14) with the
typical bound of |δ| . 10−3−10−2 [37]. When v3  v1  v2, this parameter reads δ ' v1/v =
cβ. Recasting the analysis of Ref. [36] onto our scenario, we find that K → pi + invisible
constrains cβ . 10−3, with some mild dependence on the mass of the charged scalars.
Therefore, unless the decay is not kinematically accessible (or 114 MeV< MX < 151 MeV
13
due to experimental cuts), kaon physics would force v1 . 100 MeV, essentially ruling out
the model. Increasing v3 suppresses the mass mixing parameter, so that in the decoupling
limit, where v3 →∞, it goes to zero and the constraint is satisfied automatically.
The B → KX process is akin to K → piX. By performing a similar loop calculation
substituting X by its associated Goldstone boson (making use of the equivalence theorem),
in the limit where all quarks but the top are massless, we reach similar conclusions: unless
the decay is not kinematically accessible, the B → Kνν branching ratio would put a bound
on v3 & 10 TeV or tβ  1. Moreover, there is some dependence on the mass of the charged
Higgs boson. In Fig. 2, we show the constraints for both kaon and B decays, for different
values of v3 and fixing MH± = 500 GeV. We will see shortly that our model is viable in the
range v3 ∼ (10÷ 103) GeV.
b→ s exclusive decays: If NP beyond the SM exists in the flavor sector, flavor changing neutral
current (FCNC) processes could be modified by the exchange of unknown virtual particles.
The rates of the B¯ → Xsγ [38] and B → `+`− [39] channels, via the exchange of H± in
a radiative penguin diagram, put constraints on mH± and tβ in our model. In particular,
these processes set the lower bound tβ & 0.8 for mH± . 600 GeV.
Bounds on direct X production from accelerator experiments: The coupling of X to the
SM charged fermions, via Z −X mixing, can be constrained by electron and proton beam-
dump experiments and B-factories, similarly to what happens in the dark photon scenario
[40]. Such bounds are expected to depend strongly on tβ and v3, since these parameters
control the gauge boson mixing (see Eqs. (14) and (16)). At fixed target experiments X
could be produced by radiation or meson decays (pi0 → γX) and subsequently decay to
a e+e− pair that could be measured at the detector. In our model, the presence of the
invisible X partial width naturally reduces the e+e− branching ratio to ∼ 14%, weakening
this bound with respect to the dark photon case. At B-factories direct X production could
also be achieved, via the X − Z mixing, through the process e+e− → Xµ+µ−. Moreover,
differently from the dark photon phenomenology, the X axial coupling to fermions can induce
Υ→ γX → γ + invisibles decays [41]. Experimental data bounds this branching ratio to be
below 4.5× 10−6.
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IV. ANALYSIS OF OUR MODEL
Let us now analyse the viability of the ν2HDSM. We start by listing the bounds that the
experimental limits discussed in Section III impose on the parameter space. First of all, requiring
mA & 10 GeV and mH± & 80 GeV in Eq. (9) requires gNP < 0 and λ4 −
√
2v3
Λ . −0.21. The last
condition automatically ensures a positive charged Higgs mass, i.e. unbroken electromagnetism.
As for the lepton number breaking coupling, for definitiveness we will fix it to gNP = −1 from now
on. The requirement of being close to the alignment limit can be computed rotating Eq. (A1) to
the Higgs basis. The conditions read
λ34 ' λ1 + λ2
2
+
λ1 − λ2
2c2β
−
√
2gNP v3
Λ
, λ1s ' λ2s ' −gNP v
2s2β
2
√
2v3Λ
. (37)
Moving to the Higgs and Z invisible decays, we first notice that Γ(Z → HA) is always larger than
the experimental limit when this channel is open. We thus require to always have mA +mH > mZ
to kinematically close the decay. The Higgs decays to scalars of Eq. (22) are below the experimental
limit when |ghSS | . 2.75 GeV. While this is always true for S = s, when S = H or A this gives
the bound ∣∣∣∣∣λ34 ±
√
2v3
Λ
∣∣∣∣∣ . 0.1, (38)
which applies when the channels are open. On the other hand, it is simple to check that close to
the alignment limit we have Γ(h → XX) ' m3h
64piv2
c2αv
4
1
(v21+4v
2
3)
2 , which can be suppressed by v1  v3.
The same condition can also suppress the h→ ZX and Z → HX decays, as can be seen from the
mX dependence in the denominator of Eqs. (26) and (31), while the h→ AX and h→ AZ decays
are always suppressed and unimportant. It should be noted that when the h→ XX, h→ ZX and
Z → HX channels are kinematically closed, which happens when mX > mh/2 and mH & 30 GeV,
the v1  v3 constraint is removed and v1 can assume larger values (as far as tβ ≥ 0.8).
An immediate consequence of the requirement v1  v3 is that the pseudoscalar mass in this limit
is given by m2A ' 2v
2√
2
v3
Λ , in such a way that the requirement mA & 10 GeV implies v3/Λ & 10−3.
For definitiveness, in what follows we will fix Λ = 10 TeV, although other values may be allowed.
With these constraints in mind, we can now scan over the parameter space of the model to
assess if it is phenomenologically viable. To this end, we randomly generate 18 million points and
impose all the bounds described in Sec. III. In addition, we also require the Higgs boson mass
to be in the range 123 GeV ≤ mh ≤ 127 GeV, the Z boson mass to be within 3 σ of the LEP
measured value, mZ = 91.1876± 0.0021 GeV [42] and we require to be close to the alignment limit
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of Eq. (37). More precisely, we perform a linear scan over the range of the seven quartic couplings
in Eq. (19), and a logarithmic scan over tβ, v3 and gX in the window
0.8 ≤ tβ ≤ 246 , 10 GeV ≤ v3 ≤ 1 TeV , 10−4 ≤ gX ≤ 1 . (39)
The gX range is motivated by Eq. (11), requiring the tree level ρ parameter to be close to 1.
The lower bound on tβ is due to the b → s constraints, while we choose the upper bound (which
corresponds to v1 = 1 GeV) and the v3 range in such a way that we have v1  v3 for most of the
points. Using the parameters in the ranges given in Eq. (39) we get 10 MeV . mX . 1 TeV.
The results of the scan are presented in Fig. 1. The color code is as follows: (blue): points
that pass the theoretical constraints of Eqs. (19)-(20), as well as the experimental limit mH± > 80
GeV; (red): points that also give values for mh and mZ within the limits described above; (green):
points that in addition are allowed by the limits on the Higgs invisible decays (see Eqs. (22)-(27));
(magenta): points also allowed by the limits on the Z invisible width (see Eq. (30)); (yellow):
points compatible with the EWPM limits of Eq. (21) at 3σ.
In the upper left panel we show the different points in the (λ34,mH) plane. The preference
of the experimentally allowed points for positive values of λ34 is due to the alignment limit of
Eq. (37), since λ1,2 are always positive due to the vacuum stability constraint (see Eq. (20)). We
can now clearly see that two regions appear after imposing the bounds on h → invisible (and are
maintained by the subsequent bounds). The first one corresponds to mA, mH . mh/2, i.e. the
region in which the constraint of Eq. (38) applies. This forces λ34 to be below 0.25. When the
h → HH and h → AA decays close, larger values of λ34 are allowed. In this region, the upper
bound on mH is due to the upper bound on v1 coming from the Higgs mass in Eq. (9).
Turning to the upper right and the lower left panels of Fig. 1, we have that, in addition to the
bounds on mH already discussed, a lower and an upper bound on the s and A masses appear for
the experimentally allowed points. The upper bound on ms comes from the Higgs mass constraint,
while the upper bound on mA is due to the fact that it grows with v3 (see Eq. (9)) and is subject
to the upper bound given in Eq. (39). The lower bound (which depends on the value of mH and
appears after the Z → invisible limit is imposed) is instead due to the requirement mA+mH > mZ
already discussed.
Finally, we show in the right lower panel of Fig. 1 the points in the (S, T ) plane. The dominant
contribution to S and T is due to the charged scalar (whose mass, for our choice of parameters
and after applying all the bounds, is in the range 80 GeV . mH± . 600 GeV), and pushes T to
positive and S to negative values. A surprising feature of the allowed points is that, somewhat
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FIG. 1. Effect of the theoretical and experimental constraints on the parameter space of the ν2HDSM.
We show in blue the points allowed by the theoretical constraints (Eqs. (19)-(20)) and mH± > 80 GeV, in
red those that also give the correct values for mh and mZ , in green points that in addition are allowed by
h→ invisible, in magenta those that also pass the limits on the Z invisible width and finally in yellow those
within them that are compatible with S, T and U at 3σ. Top left: (λ34,mH). Top right: (ms,mH). Bottom
left: (mA,mH). Bottom right: (S, T ).
counterintuitively, a light H scalar with mass 1 GeV . mH . 20 GeV does not give a too large
contribution to EWPM. This is due to the fact that we are very close to the alignment limit, with
the H scalar almost completely decoupled from the Z and W gauge bosons.
Let us conclude by showing, in Fig. 2, the bounds on the (tβ, gX) plane. The lower bound on
tβ comes from the upper bound on mH± obtained from exclusive b → sγ decays which result in
excluding the region tβ . 0.8 for mH± . 600 GeV [38]. A milder lower bound is provided instead by
the theoretical requirement of a perturbative top Yukawa coupling, eliminating tβ . 0.3. Turning
to gX , we have that upper bounds can also be set by the stipulation of having a perturbative gX
at the scale Λ and by asking for compatibility with the observed value of ρ. In particular, the
cyan region is excluded by imposing ρ − 1 = αˆ(MZ)T = 1127(0.09 − 0.26) [42]. The lower bounds
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FIG. 2. Bounds on the (tβ , gX) plane coming from different theoretical and experimental sources. The
colored regions are excluded.
are, however, more interesting. As already explained in Sec. III, they come from the processes
K± → pi± + invisible and B± → K± + invisible which, in our case, can be mediated by the X
boson. When a model allows for an extra neutral gauge boson with mass mixing with the SM Z,
these decay modes will give rise to severe experimental constraints on this mixing. In our case, after
applying all the theoretical and experimental restrictions to our model, we get an upper bound on
the mass mixing parameter δ . 0.07 (see Eq. (14)), a slightly larger value than the experimentally
allowed one. Therefore, we need to close the aforementioned kaon and B decays and as a result, we
get lower bounds on mX and gX . As the excluded lower regions in Fig. 2 show, these constraints
strongly depend on the assumed value of v3. B decays depend also on mH+ and may impose a
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limit on tβ, on the other hand, kaon decays basically only control gX . As in our model we have
δ ∼ 10−3 (v1/100 GeV)
2
v
√
(v1/100 GeV)2 + 4 (v3/20 TeV)2
, (40)
we see that for values of v1 < 100 GeV, the restrictions from both meson decays are lifted if
v3 > 20 TeV and hence, in this case, gX can be as small as possible. Note that for such a large v3
one would have to consider a much larger breaking scale Λ.
Finally, since X can couple to the SM fermions we also get limits on gXff¯ ∼ gXc2β (see Eq.
(16)). The main constraint comes from beam-dump experiments (light green region) which mainly
affects low masses (mX . 1 GeV) and, consequently, gX couplings in a range already excluded by
K± → pi±+ invisible. On the other hand, the BaBar experiment, which is sensitive to 0.02 GeV<
mX < 10.2 GeV, excludes gXff¯ > 4 × 10−4 [43] (light blue region). Since these experiments are
responsive to mX . 10 GeV the strongest constraints appear for smaller values of v3. The limit
from Υ → γX decay, discussed in Sec. III, is omitted here as it does not exclude any new region
of the parameter space that is not already covered by other bounds.
V. CONCLUSIONS
The origin of neutrino masses is a long standing puzzle in particle physics. In this work, we
have proposed a new realization of the inverse seesaw mechanism based on a neutrinophilic Two-
Higgs-Doublet Model, with the U(1)X symmetry introduced to forbid a Majorana mass for the
right-handed neutrinos promoted to a gauge symmetry. As we have shown, the minimal particle
content that allows for a spontaneous breaking of the U(1)X and that cancels anomalies is precisely
what is needed to construct an inverse seesaw model with the addition of a Majorana mass for
the right-handed neutrinos. We have then focused on the viability of the model, analyzing the
parameter space which is allowed by experiments. Our main results are shown in Fig. 1, which
show the allowed values of the parameters in the scalar/gauge sector. As can be seen, the parameter
space is strongly constrained by the Higgs and Z boson decays and by electroweak precision tests.
Nevertheless, there is still a considerably large region where the model is perfectly viable. Some of
this region may be scrutinized in the future with improvements of the h to invisible decay width
measurements. In addition, K± → pi±+ invisible and B± → K±+ invisible as well as dark photon
searches in e+e− and beam dump experiments already place lower bounds on gX , the new gauge
boson coupling. Future experiments (like CERN Na62 [44] and Fermilab ORKA [45]) should be
able to improve the sensitivity to these meson decays by at least one order of magnitude, testing
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values of gX that would otherwise only be accessible if a future high energy lepton collider like the
FCC-ee would be built. The proposed SHiP experiment at CERN [46] may also be able to extend
the beam dump limits to higher values of mX . These lower bounds on gX , however, depend on
the assumed value of v3. In the neutrino sector we do not expect major changes with respect to
what happens for the usual implementation of the (double) inverse seesaw mechanism. In contrast,
what are the constraints that might be obtained by supplementary requiring a successful leptgenesis
and/or the presence of a good dark matter candidate is not simple to predict. This will be analyzed
in a separate publication.
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Appendix A: Some detail on the scalar and gauge masses
In this appendix we present some useful detail about the diagonalization of the scalar and mass
matrices. Minimizing the potential in Eq. (6) we find that the mass matrices for the CP-even and
CP-odd scalars (defined as in Eq. (7)) are given by
M2CP−even =

λ1v
2
1 λ34v1v2 +
√
2gNPv1v2v3
Λ λ1sv1v3 +
gNPv
2
1v2√
2Λ
λ34v1v2 +
√
2gNPv1v2v3
Λ λ2v
2
2 λ2sv2v3 +
gNPv1v
2
2√
2Λ
λ1sv1v3 +
gNPv
2
1v2√
2Λ
λ2sv2v3 +
gNPv1v
2
2√
2Λ
−gNPv21v22
2
√
2Λv3
+ λsv
2
3
 , (A1)
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and
M2CP−odd =
gNP
Λ

−√2v21v3
√
2v1v2v3 −v21v2/
√
2
√
2v1v2v3 −
√
2v22v3 v1v
2
2/
√
2
−v21v2/
√
2 v1v
2
2/
√
2 − v21v22
2
√
2v3
 . (A2)
The CP-odd matrix is easily diagonalized; the only massive state (the would-be Majoron A) gets
its mass via the explicit U(1)` breaking term, and we have
m2A = −
gNP
Λ
v21v
2
2 + 4v
2v23
2
√
2v23
,
A =
v1v2√
v21v
2
2 + 4v
2v23
(
2v3
v1
η1 − 2v3
v2
η2 + η3
)
.
(A3)
In order to diagonalize the CP-even squared mass matrix we instead use perturbation theory.
Defining the Higgs basis according to
hSM =
v1
v
ρ1 +
v2
v
ρ2 , HSM = −v2
v
ρ1 +
v1
v
ρ2 , (A4)
and the mass eigenbasis as 
hSM
HSM
ρ3
 = U

h
H
s
 , (A5)
we get, to first order in the perturbation parameters M13,23,
h ' cαhSM + sαHSM + U31ρ3
H ' −sαhSM + cαHSM + U32ρ3
s ' U13hSM + U23HSM + ρ3 ,
(A6)
where all the elements Uij with either i = 3 or j = 3 are O(M13,23) and cα, sα are the rotation
elements computed diagonalizing the 2× 2 block involving hSM and HSM . The masses computed
with this approximation are presented in Eq. (9).
Let us now turn to the gauge sector. The covariant derivatives in the scalar sector are given by
DµΦ1 = (∂µ − ig
2
W iµτ
i − ig
′
2
Bµ − igX
2
X0µ)Φ1,
DµΦ2 = (∂µ − ig
2
W iµτ
i − ig
′
2
Bµ)Φ2, (A7)
DµS = (∂µ − igXX0µ)S,
The squared mass matrix of the neutral gauge bosons is
Lmgauge =
1
8
(
Bµ W
3
µ X
0
µ
)
g′2(v21 + v22) −gg′(v21 + v22) g′gXv21
−gg′(v21 + v22) g2(v21 + v22) −ggXv21
g′gXv21 −ggXv21 g2X(v21 + v23)


Bµ
W 3µ
X0µ
 , (A8)
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which can be diagonalized in two steps. First of all, we can define the standard photon field
according to W 3µ
Bµ
 =
 cW sW
−sW cW
Z0µ
Aµ
 . (A9)
At this point, we can further rotate the Z0 and X0 fields to go to the mass eigenbasis:Z0µ
X0µ
 =
 ct st
−st ct
Zµ
Xµ
 , (A10)
where ct = cos θt and st = sin θt, so that
tan 2t =
2gXc
2
β
√
g2 + g′2
g2 + g′2 − g2Xc2β′
. (A11)
The masses of the neutral gauge bosons are given in Eq. (11), with the first order expansion for
gXv1  gv given in Eq. (13).
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